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 We report the first observation of exciplex state electroluminescence due to carrier injection between the
hybrid lead halide perovskite (MAPbI3–xClx) and quantum dots (core/shell PbS/CdS). Single layers of perovskite
(PS) and quantum dots (QDs) have been produced by solution processing methods, and their photo-
luminescent properties are compared to those of bilayer samples in both PS/QD and QD/PS configurations.
Exciplex emission at lower energies than the band gap of both PS and QD has been detected. The exciplex
emission wavelength of this mixed system can be simply tuned by controlling the QD size. Light-emitting
diodes (LEDs) have been fabricated using those configurations, which provide light emission with considerably
low turn-on potential. The “color” of the LED can also be tuned by controlling the applied bias. The presence of
the exciplex state PS and QDs opens up a broad range of possibilities with important implications not only in
tunable LEDs but also in the preparation of intermediate band gap photovoltaic devices with the potentiality of
surpassing the Shockley-Queisser limit. dv o
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Hybrid halide perovskites (PS) are probably the hottest currentmaterial
on photovoltaics with a record certified power conversion efficiency
(PCE) of 20.1% (1). Furthermore, this efficiency record has been
reached in just a few years after the first reports of PS-based liquid solar
cells in 2009 (2) and the important breakthrough of the development of
all-solid state devices in 2012 (3, 4). In addition, incredibly outstanding
efficiencies have been reported for devices fabricated by using solution
processing techniques giving rise to polycrystalline films and hence
using very low cost methods. All these facts have boosted interest for
this family of materials with a general formula ABX3 (A = organic cat-
ion, B = metallic cation, and X = halide anion, where CH3NH3PbI3 has
been the most extensively studied). Moreover, the excellent electro-
optical properties of PS and its high photoluminescence quantum yield
(PLQY) (5) have also piqued interest for the development of light-
emitting diodes (LEDs) (6–8) and lasers (5, 9, 10). To explore the full
potential of PS, the combinations with different organic and inorganic
materials, mainly playing the role of selective contacts (11), have been
broadly tested. Here, we report the first observation of light emission
associated to PS/quantum dot (QD) exciplex (charge transfer) state.
This is an important proof of concept that opens a broad range of po-
tentialities and paves the way to new and advanced optoelectronics. Its
main advantages include easy tuning of electroluminescence (EL) emis-
sion by controlling the QD size and efficient pumping not only by
optical excitation but also by electrical injection.
The interaction among materials of different nature can produce
interesting synergies that might be beneficial, not only by improving
a feature but also by giving rise to new properties or phenomena yetto be seen in single materials. QDs are a family of materials with very
interesting properties from an optoelectronic point of view, including
the easy tunability of their band gaps (12) (simply by controlling parti-
cle size within the exciton confinement limit) that confers to these
systems excellent properties for the development of solar cells (13, 14)
and LEDs (15). Despite the clear interest in both families of materials
(PS and QDs), there are relatively few papers in which interactions of
both systems are presented, mainly based on using PS as the capping
agent of QDs (16, 17). Very recently, Sargent and co-workers have pub-
lished an outstanding study (18) that reports the preparation of poly-
heterocrystalline solids with PbS QDs embedded in a CH3NH3PbI3
matrix. The PS and QDs used (effective band gap around 1 eV) form
a type I junction, thus significantly enhancing the photoluminescence
(PL) quantum emission in comparison with a simple QD layer or with
QDs embedded in an alternative NaI Matrix. Here, we move one step
further. We have analyzed the interaction between PS and core/shell
QDs of different sizes, but smaller than the ones used in a previous study
(18) to promote a type II junction. This alignment gives rise to a PS/QD
exciplex state observed not only by optical pumping but also by electrical
injection. This proof of concept could have huge implications not on-
ly in the development of advanced LEDs, as demonstrated here, but
also for intermediate band gap (IB) solar cells (19, 20) with the poten-
tiality of surpassing the Shockley-Queisser (SQ), whichwe discuss brief-
ly as an interesting potential implication of the results reported here.RESULTS AND DISCUSSION
We have prepared single layers of MAPbI3−xClx PS and core/shell PbS/
CdS colloidal QDs (see Fig. 1A). Despite the amount of Cl being very
low, we used the most common nomenclature in the literature for the
MAPbI3 PS synthesized using a PbCl2 precursor (3) to clearly identify
the synthesis process that has important implications in the final1 of 7
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 performance. Core/shell QDs have been chosen because the presence
of the shell notably increases the PLQY (20% versus 1% for core PbS
QDs in hexane solution) (21). The enhancement of PLQY has impor-
tant implications in the performance of both visible (15) and infrared
(IR) (21) QD LEDs. In addition, bilayers of QDs/PS and PS/QDs (see
Fig. 1A) have been prepared, with the aim of exploiting the unexplored
synergies between PS and QDs. The preparation of bilayers has special
requirements depending on the deposition sequence (more details
about preparation of samples and devices can be found in Materials
and Methods). The different samples have been prepared on an
insulating glass substrate and on a transparent conductive glass with
SnO2:F (FTO) to prepare LEDs. For LEDs, TiO2 has been deposited
on the FTO as an electron injection layer, whereas spiro-OMeTAD
was used as a hole-injecting layer.Wehave recently proven that this com-
bination of charge-injecting contacts can be used for the preparation of
efficient PS-based LEDs (7). The PL and EL have been systematically
characterized for the different samples, allowing us to observe the pres-
ence of an exciplex state with easily tunable emission by controlling the
QD crystal size.
QD layers have been prepared by a single spin-coating cycle of a QD
solution followed by a ligand exchange process to replace the original
oleic acid (OA) capping by the shorter mercaptopropionic acid (MPA).
Two different PbS/CdS core/shell QD sizes have been used in this ex-
periment: 2.3 and 3 nm in diameter. The choice ofMPA is based on our
previous work (21), wherein we showed that the MPA was the ligand
that produces higher external quantum efficiencies in PbS/CdS QD
LEDs in comparison to other ligands also analyzed in that study, namely,
thioglycolic acid, 1,2-ethanedithiol, and ethylenediamine. Figure 1B
exhibits a cross section of a 3-nmPS/QD indicating the average thickness
of the different layers. Scanning electron microscopy (SEM) pictures of
the surface of the different layers are depicted in fig. S1. Figure 1 (CandD)
shows the compositional mapping obtained by energy-dispersive x-raySanchez et al. Sci. Adv. 2016; 2 : e1501104 22 January 2016(EDX) microanalysis. It can be clearly observed that whereas PS/QD
produces a clear bilayer, there is penetration of PS into the colloidal
QD layer in QD/PS samples, thus producing an intermixed layer due
to PS infiltration. The different nature of both bilayers is shown in the
schemes in Fig. 1A. SEM pictures of the surface also point in the same
direction (see fig. S1).
After thin-film deposition and ligand exchange, the two different
PbS/CdS core/shell QD sizes used in this experiment (2.3 and 3 nm in
diameter) give rise to PL bands centered at 820 and 920 nm, respectively
(see Fig. 2A). The PL of theQD layer is slightly red-shifted, compared to
the PL in solution, after film deposition and ligand exchange (fig. S2).
The single layer of PS exhibits a PL peak at 774 nm (see the black line in
Fig. 2B). ThePLobtained for the PS/QDandQD/PS sampleswith 3-nm
QDs is also represented in Fig. 2B (results for the 2.3-nmQDs are simi-
lar and are plotted in fig. S3). Note that for the bilayer samples, the PL
from both QD and PS is strongly quenched. Quenching of PL for both
peaks points to a type II alignment between PS and both kinds of
QDs, as it is schematically represented in Fig. 2C. Photogenerated holes
in PS can be transferred to the QDs, whereas photogenerated electrons
in the QDs can be transferred to the PS, as indicated by the dashed ar-
rows in Fig. 2C, thus producing the quenching of individual PL bands
associated to direct exciton recombination at PS and QDs (Fig. 2B).
This type II alignment is also in qualitative agreement with the corre-
sponding conduction band (CB) and valence band (VB) energy values
reported and/or extrapolated from literature (4, 22, 23) (fig. S4).
However, the most interesting feature is observed deeper in the IR
(see Fig. 2D). For PS single layers (Fig. 2B), only a PL peak corre-
sponding to the direct CB-to-VB recombination (solid arrow 1 in Fig.
2C) is observed. As expected, no PL has been measured in the 900- to
1700-nm range for the PS samples (black line in Fig. 2D). In the same
way, for the QD single layers, only the low-energy PL tail of the exciton
recombination band (solid arrows 2 and 3 in Fig. 2C) is observed in thisFig. 1. Schemes, SEM, and EDXmapping of the prepared samples. (A) Schemes of the samples analyzed in this study formed by single layers of PS and
QDs and bilayers of QD/PS and PS/QDs. Two types of QDs with different particle sizes (2.3 and 3 nm) have been analyzed in this study. (B) SEM picture of the
cross section of a PS/QD complete device. The picture has been taken using backscattered electrons to enhance the contrast between different layers. The
image contrast is increased by using colors for the different layers. The average thickness of each layer is also indicated. A thin layer of 300 nm of transparent
conduction SnO2:F (FTO) on glass is used as a substrate. TiO2 and spiro-OMeTAD act as electron- and hole-injecting layers, respectively, and core/shell
PbS/CdS 3 nm and the PS bilayer act as the electroluminescent layer. (C) Elemental mapping obtained by EDX for a 3-nm PS/QD sample. (D) Elemental
mapping obtainedby EDX for a 3-nmQD/PS sample. Si, Sn, Ti, andAu allow the identification of glass, FTO, TiO2, andAu contact layers, whereas I andCd allow
the identification of PS and QD layers.2 of 7
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 IR region limited by the detector (brown line in Fig. 2D). Nevertheless, a
new PL band is observed for bilayer samples (1400 nm for 3-nm QDs
and 1240 nm for 2.3-nmQDs; blue and gray lines in Fig. 2D) due to the
QD band gap and its alignment to that of PS, as argued above. A lower
PL intensity has been detected for the QD/PS configuration in compar-
ison toPS/QD(see fig. S5). ThePL excitation spectrumof the IRPLband
in the PS/QD sample with 3-nmQDs (Fig. 2E) clearly shows an increase
of intensity for wavelengths at the PS absorption band edge. These facts
indicate that although PS plays an active role in the emission process for
the bilayer sample configuration, the IR emission signal is not exclusively
due to PS. Taking into account the shift of the peak with the QD size as
well, it is straightforward to conclude that peaks observed in Fig. 2D are
produced by the synergistic interaction of PS andQDs. Consequently, an
exciplex state involving states from both PS and QDs is formed, and it
can be detected by PL emission (dotted arrows 4 and 5 in Fig. 2C). It is
interesting to highlight that for the observation of such kind of state, a
more intimate contact between bothmaterials is commonly required, for
example, CdSe QDs embedded in CdTe quantum rods (24) or blend or-
ganic layers (25). However, MPA QD capping hinders a perfect close
contact at the boundary between PS and QDs. In this sense, a strong
interaction can be inferred between PS and QDs, and/or a certain role
of the capping agent in the exciplex state formation cannot be ruled out.
It is also noteworthy that for the PS/QD configuration, an abrupt in-
terface between PS and QDs is observed (Fig. 1C); however, for theSanchez et al. Sci. Adv. 2016; 2 : e1501104 22 January 2016QD/PS samples, the PS solution infiltrates the QD layer (Fig. 1D),
producing a red shift observed for the QD luminescence peak position
(fig. S6). The growth of PS on top of the QD layer also produces a small
blue shift of the PS PL peak (see Fig. 2B and fig. S6). This shift could be
attributed to a decrease of the PS grain size (26, 27), which is in agree-
ment with the observed PS infiltration scenario.
Time-resolved photoluminescence (TRPL) experiments have been
performed to determine the characteristic decay times of PS, QD, and
exciplex PL emission. Figure 2F shows the TRPL spectra for their
corresponding optical transitions (open symbols). PS (inset in Fig.
2F) exhibits a very fast decay that can be fitted (solid lines) considering
two decay times of 1.1 ± 0.1 and 3 ns. The exciton recombination in the
QD (2.3 nm) single layer is also characterized by two decay times of 30 ±
5 and 400 ns, with the short one attributed to the exciton lifetime and
the long one attributed to carrier recombination through traps or sur-
face states (28). Conversely, only a single lifetime, 310 ± 20 ns, is de-
duced for the QD/PS (2.3 nm) bilayer, thus highlighting the different
nature of the exciplex state in comparison to those in direct band gap
semiconductors, PS and QDs. Such a long recombination time is con-
sistent with our interpretation for the type II band alignment between
the PS and QD layers, giving rise to a PS/QD spatially indirect carrier
recombination, as occurs in most known III-V heterostructures (29).
Moreover, considering the PS decay time extracted from Fig. 2F and
the ratio between PL observed with an excitation wavelength belowFig. 2. PL studyof single-layer andbilayer samples of PS and core/shell PbS/CdSQDs. (A) PL of a thin layer of QDs using twoQD sizes: 2.3 and 3 nm. a.u.,
arbitrary unit. (B) PL of PS single layer and from bilayers using 3-nm QDs (for 2.3-nm QDs, see fig. S2); PL from PS/QD was multiplied by a factor 15,
whereas PL from QD/PS was multiplied by a factor 30, for an easier comparison. (C) Proposed relative energy diagram of PS and both kinds of QDs
analyzed in this study. Relative positions of CB and VB are in agreement with literature predictions (fig. S3). Solid arrows 1, 2, and 3 indicate the band gap
emissions fromPS, 2.3-nmQD, and3-nmQD, respectively. Dotted arrows 4 and5 indicate theexciplex emissionof samples preparedwith PS+QD2.3 nmand
PS +QD 3 nm, respectively. Dashed arrows indicate charge transfer processes of electrons, e−, and holes, h+, between PS andQD 3 nm (analogous processes,
not represented, should be expected for 2.3-nm QDs), causing the PL quenching of bilayers. (D) PL recorded using an InGaAs detector at the IR region
between 900 and 1700 nm. (E) PL excitation spectra, around the PS band gap, of the exciplex PL band (integrated) in the QD/PS bilayer with 3-nm QDs.
(F) TRPL spectra recorded at the PL peak of PS, QD, and QD/PS samples for 2.3-nm QDs (open symbols) and exponential fitting (solid lines) using a single
exponential decay (QD/PS bilayer) or a double exponential decay (PS and QD single layers). Inset, TRPL of the PS layer. a. log. u., arbitrary logarithmic unit.3 of 7
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 the PS band gap (740 nm) and above the PS band gap (110 nm), the
injection time of the hole from PS into the QD should be at least lower
than 1ns (PL decay time for PS sample) and can be roughly estimated in
the order of 100 ps (see fig. S7 for further discussion).
Apart from the fundamental interest that arises from the observation
of the PS/QD exciplex state between two materials of different nature,
there is also a huge applied interest. This exciplex state may give rise to
important and unprecedented practical applications pointing to the de-
velopment of newoptoelectronic devices. To explore these implications,
LEDs with different active layer configurations (see Fig. 1A) have been
prepared using compact TiO2 and spiro-OMeTAD as electron- and
hole-injecting layers, respectively (see Fig. 1B). Figure 3A shows the
EL of a QD/PS (3 nm) sample under a different applied bias. A sharp
rise in current is observed in J-V curves (fig. S8) for all the prepared de-
vices associated to the diffusion current (30). Transport properties of the
bilayer are governed by the PS, whereas the single QD layer presents a
significantly higher resistivity (fig. S8).
Two peaks are observed in Fig. 3A corresponding to PS and QD
band gap emission. The EL from QD is red-shifted in the bilayer
samples due to the interactionwith PS (fig. S9), as it has been previously
discussed for PLmeasurement. The relative intensity of both peaks has a
strong dependencewith the applied bias,Vapp; consequently, the “color”
of the emitted light depends on it. The relative weight of the PS andQD
emission signals depends on the bilayer configuration. Figure 3B shows
the EL at a different applied bias for the 2.3-nm PS/QD. A comparison
for the PS/QD configuration between samples fabricated with 2.3 and
3 nm is depicted in fig. S10. For the PS/QD configuration, the weight of
QD emission on the total emission is higher than that in QD/PS bilayers
(Fig. 3A and fig. S10). This behavior is due to the higher conductivity of
PS and the infiltrated configuration of QD/PS (Fig. 1D) in contrast to the
sharp interface present in PS/QD samples (Fig. 1C). Consequently, in in-
filtrated QD/PS samples carriers can just move through the PS while in
PS/QD samples they have necessarily to move through the QD layer
increasing the weight of QD EL in this last case. Once the density of
injected carriers increases significantly with the applied voltage, the PS
emission starts to increase. The inset in Fig. 3 (A and B) shows the ratio
between PS and QD EL intensities. This ratio follows a linear behavior
with Vapp, thus allowing an easy control and tunability of the LED color
just by changing the applied voltage. The slope of the linear regressionsSanchez et al. Sci. Adv. 2016; 2 : e1501104 22 January 2016depends strongly on the configuration andQD size. The slope for 3-nm
QD/PS is 0.5 V−1 (inset in Fig. 3A), whereas for the 2.3-nm PS/QD, it
is 0.06 V−1, which is one order of magnitude lower (inset in Fig. 3B).
The bilayer LEDs present lower external quantum efficiency (EQE)
than their single-layer (PS or QD) counterparts (fig. S11). Nevertheless,
it is important to remark that the EQE of the bilayer devices is under-
estimated, because only the EL from the PS and QD band gap transi-
tions (Fig. 3A) is considered (not the emission from the exciplex state).
The EL emission from the PS/QD exciplex state at a different applied
bias for the PS/QD (2.3 nm) sample is depicted in Fig. 3C. The EL peak
intensity is linearly proportional to the Vapp (see Fig. 3C, inset). It is a
remarkable fact that the exciplex state could be electrically pumped in
such simple configurations with a clear signature at voltages as low as
1 V and with an extrapolated turn-on potential as low as 0.77 V. There-
fore, the emission from the exciplex state is observed at a voltage lower
than the value of EG/e for both PS and QDs, where e is the elementary
charge. Consequently, the color of the emitted light at low enough ap-
plied voltage corresponds exclusively to the exciplex state wavelength
that can be tuned by the size of QDs (as well as potentially influenced
by the kind of PS used). In the concrete case of the exciplex state with
1300-nm emission (see Fig. 3C), it could have interesting applications in
the second window of telecommunications. Extrapolation to visible
range emission in the case of LEDs is envisaged by using PS and QDs
with wider band gaps. This concept would allow the realization of tun-
able color LED switching, for example, between IR and visible range just
by changing Vapp. In addition, there is plenty of room for optimization
because the configurations used here for the proof-of-concept demon-
stration are intentionally simple for experimental clarity reasons, thus
minimizing the number of layers and using planar configurations.IMPLICATIONS
Furthermore, extremely important implications for advanced photovol-
taics could be predicted. Because of the reciprocity principle, if an electron
and hole from an exciplex state can recombine to produce a photon, the
reciprocal process in which a photon can produce an electron-hole pair
at the exciplex state is also possible. This fact opens the possibility of a
new implementation of the IB concept, thus taking benefit from the PS r 24, 2016Fig. 3. ELof bilayer samples. (A) EL spectra in the visible-NIR (near infrared) regionobtained fromaQD/PS (3 nm) bilayer at different applied voltages. Inset, EL PS/
QD peak intensity ratio as a function of the applied voltage of the same sample. (B) EL spectra in the visible-NIR region obtained from a PS/QD (2.3 nm) bilayer at
different applied voltages. Inset, EL PS/QDpeak intensity ratio as a functionof the applied voltageof the same sample. (C) EL spectra in the IR regionobtained froma
PS/QD (2.3nm)bilayer at adifferent appliedbias. Inset, ELpeak intensity as a functionof theappliedbias (solid symbols); theblack solid line corresponds to the linear
fit, and the red dashed line indicates the extrapolated threshold turn-on potential, Vth.4 of 7
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 and QD synergies. In a conventional solar cell, the maximum PCE is
limited not only because solar cells cannot absorb photons with energy
lower than the absorber EG but also because of the limited exploitation
of photons with energy higher than EG; only an energy equivalent to EG
can be used because the energy in excess is quickly lost as heat by ther-
malization. Tandem configuration has been used to surpass this limita-
tion.However, IB is an alreadyknownconcept for surpassing the SQ limit
in a more efficient way than the tandem devices approach (19). IB ap-
proach consists in the utilization of one or several IBs in the band gap
of a semiconductor with bandgap, EG (see Fig. 4). IBs would act as
stepping stones, thus allowing low-energy photons to transfer electrons
fromVB toCB by the absorption of a couple of photonswith energies EH
and EL (processes 2 and 3 in Fig. 4). The optimum exploitation of this
mechanism can boost the maximum theoretical efficiency of a photo-
voltaic device to 63% under high concentrated light (20).
Different configurations have been proposed for IB solar cells in-
cluding the use of the confined states in a QD as IB (31). Such kind of
configuration has demonstrated a slight photocurrent enhancement
due to sub–band gap photon absorption in a crystalline GaAs matrix
with InAs self-assembled QDs (32). However, the PCE of IB cells did
not surpass the efficiency of the cell without QDs because it was limited
by the low density of QDs; an increase of the layers containing QD pro-
duces a strain accumulation that severely degrades cell performance. Here
is where the PS/QD exciplex state exhibits its full potential to produce IB
solar cells. Polycrystalline PS could remove the strain limitation, because it
is relaxed at the grainboundaries. The versatility ofPS andQDsalso allows
an appropriated design of the system towork at optimumconditions (20).ciencem
ag.orCONCLUSIONS
In summary, we have observed for the first time the emission from the
PS/QD exciplex state by usingMAPbI3–xClx PS and core/shell PbS/CdSSanchez et al. Sci. Adv. 2016; 2 : e1501104 22 January 2016QDs. Our approach constitutes a valuable proof of concept on the cou-
pling of two important families of materials for the development of op-
toelectronic devices, hybrid halide PS and solar cells. The emission of
the exciplex state can be easily tuned by controlling the size ofQDs. This
proof of concept has been demonstrated by using optical pumping and
electrical injection.An electrically pumped exciplex state opens a highly
interesting scenario for the development of new and advanced opto-
electronic devices. We have succeeded in preparing LEDs with color
tunability depending on the applied voltage. At low enough Vapp, only
the emission from the exciplex state is observed, because it presents a
turn-on voltage lower than theEG/eof both PS andQDs.At higherVapp,
the LED color was still easily tuned with a PS/QD PL intensity ratio
following a linear behavior as a function of the applied bias. Moreover,
exciplex states could also have important implications for the develop-
ment of advanced photovoltaic devices with the potentiality of surpass-
ing the SQ limit by refreshing the IB solar cell concept. The use of PS
could have important advantages in comparison to previous ap-
proaches for IB cells due to the benign defect physics of PS (33), which
allows high-efficiency photovoltaic devices with polycrystalline samples
and an easy relaxation of strain induced by the presence of QDs. There-
fore, the synergy between PS and QD based on the exciplex state re-
ported here is envisaged to have important repercussions on the
development of advanced optoelectronic devices. o
n
 N
ovem
ber 24, 2016
g/MATERIALS AND METHODS
PbS/CdS QD synthesis
Core/shell QDs were synthesized according to procedures previously
reported (21). Briefly, for the synthesis of 3-nm PbS nanocrystals, PbO
(0.9 g), OA (2.7 g), and 1-octadecene (ODE; 36 ml) were loaded in a
three-necked round-bottom flask (RBF) connected to a Schlenk line,
and the solution was heated up to 150°C under nitrogen for a complete
formation of Pb-oleate moieties. The mixture was degassed for 30 min
under vacuum, and 3 ml of trioctylphosphine (90%) was injected.
The reaction flask was allowed to cool down to 110°C, and a solution
of hexamethyldisilathiane (HMDS) was swiftly injected (0.420 ml of
HMDS in 4 ml of anhydrous ODE). The temperature was gradually
decreased to 30°C, and the reaction product was washed with ethanol/
acetone (1:1, v/v) three times, centrifuged (3000 rpm, 10 min), and dis-
persed in toluene.
For the growth of theCdS shell, CdO (0.34 g), OA (1.85 g), andODE
(40 ml) were introduced in a three-necked RBF, and the dispersion was
heated at 220°C for 2 hours in air and degassed at 150°C for 1 hour. The
as-prepared PbSQDs solution (100mg/ml, 5 ml) was swiftly injected at
70°C. After 5 min of reaction, the temperature was decreased by adding
the nonsolvent mixture (ethanol/acetone, 1:1, v/v). The same washing
steps as for the PbS nanocrystals were used for the PbS/CdS QDs. An
identical procedure was applied for the synthesis of 2.3-nmPbSQDs;
however, 2 g of OAwas used for PbS core formation, and 0.34 g of CdO
and 1.85 g of OA were used for the growth of the CdS shell.
TiO2 compact layer
FTOsubstrateswere cleanedwith soap, sonicated in amixture of acetone/
ethanol (1:1, v/v) for 15min, and treatedwith aUV(ultraviolet)−O3 lamp
for 15min. TheTiO2 compact layer was deposited by spray pyrolysis at
450°C, consuming 40 ml of a solution of titanium di-isopropoxide bisFig. 4. Implications for advanced photovoltaics. Energetic diagram of an
IB photovoltaic device, adapted from Luque and Martí (19) and Luque et al.
(20). In an IB system, one or more levels in the band gap, EG, of a semi-
conductor that are not contacted by the extraction contacts exist. Conse-
quently, the open-circuit potential, Voc = EFn − EFp/e, is still determined by
the Fermi level splitting of electron and holes, EFn and EFp, respectively, as-
sociated with the occupation of the CB and VB, as in a single absorber pho-
tovoltaic system.However, in contrastwith conventional systems, it is possible
to define a Fermi level of the intermediate bandgap, EFIB, situated at energetic
distances EL, from thebottomof CB, and EH, from the topof VB. This isolated IB
produces that in addition to photons with energy equal to or higher than EG
(process 1), it is also possible to harvest photons with energy lower than EG
due to photon absorption through this IB state (processes 2 and 3).5 of 7
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 (acetylacetonate, 75% vol. 2-propanol) in ethanol (1:39, v/v); the films
were sintered at 450°C for 30 min.
PS/QDs sample
The mixed halide PS CH3NH3PbI3 was prepared as described previ-
ously (7). The precursor solution was prepared by dissolving 0.423 g of
CH3NH3I and 0.246 g of PbCl2 (3:1 molar ratio, respectively) in 1 ml
of anhydrous N,N-dimethylformamide at room temperature. The PS
precursor solution was deposited by spin coating (4000 rpm, 60 s)
on TiO2 substrates, followed by a thermal treatment at 100°C for
30 min and annealing in air at 100°C for 1 hour. After the samples
were prepared, a layer of PbS/CdS QDs (150 mg/ml) was deposited by
spin coating (2500 rpm, 10 s). After depositing the QD layer, the film
was treated with a solution of MPA (1.3 M in 2-propanol) for the
ligand exchange, and the excess ligand was removed by spin coating
(2500 rpm, 10 s) and adding an excess of 2-propanol. The hole trans-
port layer (HTL) was deposited via spin coating (4000 rpm, 30 s); using
100 ml of a solution of 59 mM spiro-OMeTAD [2,2,7,7-tetrakis(N,N-di-
p-methoxyphenylamine)-9,9-spirobifluorene] in chlorobenzene add-
ing as additives 17.3 ml of 4-tert-butylpyridine and 10.5 ml of a solution
of bis-(trifluoromethylsulfonyl)amine lithium salt in acetonitrile
(520 mg/ml). Gold electrodes (60 nm thick) were thermally evap-
orated under a vacuum of 3 × 10−6 mbar at a rate of 0.1 Å s−1 during
the first 10 nm and after 1 Å s−1.
QD/PS sample
The stock solution of QDs (150 mg/ml) was deposited onto the TiO2
film (2500 rpm, 10 s); once deposited onto a layer, the exchange of lig-
and was realized with 1.3 MMPA inmethanol, followed by washing with
methanol and octane to remove the excess ligand. CH3NH3PbI3 PS so-
lution was deposited by spin coating (4000 rpm, 60 s) followed by a
thermal treatment at 100°C for 60 min inside the glove box. It was ver-
ified that standard annealing on air atmosphere significantly reduced
device performance. The HTL and the gold electrodes were deposited
as described previously.
Characterization of samples in solution, on film, and on devices
The surface morphology of the films was obtained by SEM (JEOL
7001F-FEG-SEM). SEM images were realized with a SEM-FEGHitachi
S-4800 microscope. Absorbance and PL spectra in solution and on a
film were measured using a spectrophotometer CCD (charge-coupled
device) detector (Andor iDUS DV 420A-OE) coupled with a spectro-
graph as a diffraction grating (Newport 77400). The excitation source
for PL was a commercial red laser diode (650 nm), and a glass filter
(FGL715S) was placed at the detector entrance to cut-off the excitation
light. A stabilized tungsten-halogen light source (SLS201, fromThorlabs)
was used for absorbance measurements.
ThePLQYvalues of theQDsweremeasured inhexane (lexc =650nm)
by the comparative method using the commercial dye IR125 as the
emission reference (PLQY = 0.043 in methanol). All the solutions
showed an absorbance below0.1U at the excitationwavelength to avoid
PL autoabsorption, self-quenching, and related interactions.
EL and current density–voltage (J-V) curves were obtained using a
previously described equipment synchronized to a potentiostat (Gamry
Reference 3000). The measurements were realized under dark condi-
tions under nitrogen N2 flow at room temperature.
PL experiments at IRwavelengths (900 to 1700 nm)were carried out
by pumping the samples with a Ti:Sapphire (Coherent Mira 900D)Sanchez et al. Sci. Adv. 2016; 2 : e1501104 22 January 2016mode locked laser at an operation wavelength tuned between 740 and
820 nm. The backscattered PL signal was dispersed by an Acton Re-
search single 0.5-m focal length grating spectrograph (600 g/mm with
1-mm blaze) and detected by an Andor iDus InGaAs linear photodiode
array. Time-resolved m-PL (m-TRPL) experiments were performedwith
aPicoQuant 790-nmsemiconductor pulsed diode (pulsewidth, <100ps)
working at a repetition rate of 10 MHz. In this case, dispersed signal by
the same monochromator was collected by an InGaAs APD (model
id230 from idQuantique) working in Geiger mode with 10-Hz dark
counts and a timing resolution of 200 ps that was attached to a time-
correlated single photon counting electronic board (TCC900 from
Edinburgh Instruments). The experimental time resolution by de-
convolution was estimated to be around 50 ps. Simultaneous PL and
TRPL spectra at visible wavelengths (400 to 1000 nm) were measured
by a similar experiment using a 200-fs pulsed Ti:Sapphire (Coherent
Mira 900D) at a repetition rate of 76 MHz doubled to 400 nm with a
BBO crystal. The PL signal was dispersed by an Acton Research double
0.3-m focal length grating spectrograph and detected by an Andor
Newton 970 electron multiplying CCD camera in the case of PL and
by a Si micro photon device single-photon avalanche diode photo-
detector in the case ofTRPL.Additional complementary PL experiments
were performed by using a continuous wave GaN laser (405 nm), a
533-nm DSPP (diode pumped solid state) laser, or a 780-nm semi-
conductor diode and detecting the backscattered PL by Ocean Optics
HR4800/NIRQuest512 spectrographs at visible/IR wavelengths.SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/1/e1501104/DC1
Fig. S1. SEM picture of the surfaces of the different layers.
Fig. S2. Normalized PL for QDs in solution, on film, and on film after the ligand exchange.
Fig. S3. PL of PS single layer and PS/QD and QD/PS using 2.3 nm.
Fig. S4. Energy band position of PS and QD conduction and VB extracted from literature.
Fig. S5. Comparison of the exciplex PL for QD/PS and PS/QD samples with 2.3-nm QDs.
Fig. S6. Comparison between PS/QD and QD/PS configurations for 3-nm QDs.
Fig. S7. Analysis of PL excitation measurement and estimation of the hole transfer time from
PS into QD.
Fig. S8. Current-potential curve for prepared QDs.
Fig. S9. Normalized EL for PS, QD, and QD/PS.
Fig. S10. EL at different applied biases for PS/QD configuration using both 2.3- and 3-nm QDs.
Fig. S11. EQE of the different LEDs prepared.REFERENCES AND NOTES
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